Abstract: Enantioselective copper-mediated allylic substitution with Grignard reagents was achieved employing the ortho-diphenylphosphanylferrocene carboxylate (o-DPPF) system as a planar chiral reagent-directing leaving group. Careful optimization of reaction parameters resulted in excellent regioselectivities and enantioselectivies of up to 95% ee.
Introduction
Allylic substitution employing carbon nucleophiles is a fundamental carbon-carbon bond forming reaction in organic synthesis. 1 Particularly useful are copper-mediated and -catalyzed allylic substitutions since they allow the introduction of hard nucleophiles such as alkyl-, alkenyland aryl-type substituents. 2 An interesting synthetic aspect of these reactions is the 1,3-chirality transfer starting from enantiomerically pure secondary allylic alcohol derivatives. Thus, stereochemistry of the allylic substitution with organocopper reagents generally proceeds with inversion, i.e. anti-attack of the nucleophile with respect to the leaving group. 3 However, a problem exists in the simultaneous control of regio-and stereochemistry and only a few synthetically useful protocols are known. 4 An elegant solution to these selectivity problems has emerged, and employs reagent-directing leaving groups (RDG), 5 among which the ortho-diphenylphosphanylbenzoate group (o-DPPB) has proven particularly useful. 6 These reactions occur with complete control of regio-and stereochemistry, including alkene geometry, for both cyclic and acyclic alcohol derivatives (Scheme 1). Stoichiometric amounts of readily available Grignard reagents are sufficient and the directing group can be recovered quantitatively. Starting from readily available enantiomerically pure allylic alcohol derivatives, perfect 1,3-chirality transfer with retention was observed for the formation of tertiary and quarternary carbon centers. Furthermore, the directing power of the o-DPPB function can be switched off by oxidation to the phosphane oxide, allowing a non-directed allylic substitution with opposite stereochemistry. 7 However, if prochiral allylic alcohols are to be employed, the task of an enantioselective allylic substitution arises. In this case, chirality information would have to reside either in the reagent/catalyst employed or, alternatively, it may be part of the leaving group (Scheme 1). Pioneering work has been reported by Denmark et al., who employed chiral carbamate reagent-directing groups. 8 Calò et al. have reported the use of chiral oxazoline systems. 9 Because of the superior ability of the reagent-directing o-DPPB group for controlling regio-and stereochemistry of the allylic substitution, we decided to explore a similar but chiral RDG to control enantioselectivity upon allylic substitution with prochiral allylic alcohol derivatives. We envisioned the ortho-diphenylphosphanyl-ferrocene carboxylate (o-DPPF) as the ideal candidate since it shows similar geometry and donor properties compared to the o-DPPB function, and thus may offer similar benefits with respect to selectivity control of the allylic substitution with organocopper reagents (Scheme 1).
Scheme 1 Directed allylic substitution of chiral and prochiral allylic substrates with achiral o-DPPB and planar chiral o-DPPF reagent-directing leaving groups (RDG).

Results and Discussion
Allylic esters of the ortho-diphenylphosphanylferrocene carboxylic acid (1) (o-DPPFA) 10 were prepared employing the Steglich esterification protocol. 11 The corresponding racemic and enantiomerically pure (ee >99%) o-DPPF (Table 1) .
In a first set of experiments, optimal reaction conditions with respect to regioselectivity control (S N 2¢ versus S N 2) were examined starting from o-DPPF ester rac-9 ( Table 2) .
As a result, regioselectivity of the allylic substitution depends significantly on Grignard concentration and Grignard addition time. The lower the Grignard concentration and the slower the addition time, the higher the regioselectivity in favor of the S N 2¢ product, with best results for Grignard concentration of 0.1 M (n-BuMgX) to 0.025 M (MeMgI) and an addition time of two hours ( Table 2 , entries 4 and 7). These observations indicate that the regioselective directed S N 2¢-reaction pathway seems to proceed through an organocopper reagent rather than a cuprate species. This is in accord with previous observations from Bäckvall et al. 12 The nature of the copper(I) source employed was found to be of minor importance (Table 2 , entries 9-12).
With these optimized conditions for a S N 2¢ regioselective directed allylic substitution in hand, we focused on asymmetric induction. Thus, enantiomerically pure o-DPPF ester (R p )-9 was treated with n-BuMgBr and dependence of enantioselectivity on reaction temperature was studied first (Scheme 2, Table 3 ).
Scheme 2
Optimal results were obtained at 0 °C which gave the known S N 2¢ product (S)-18 in a regioselectivity of 98:2 and an ee of 88% (Table 3 , entry 2). Going either to higher (Table 3 , entry 1) or lower temperatures (Table 3 , entries 3 and 4) afforded lower selectivities.
Variation of the copper(I) source did not improve selectivities (Table 4) . Noteworthy are the reactions with copper cyanide. In this case the allylic o-DPPF ester (R p )-9 was added to the preformed lower order cyanocuprate. In the case of rapid addition (Table 4 , entry 1) a low ee in favor of the opposite optical antipode (R)-18 was observed. Increasing the addition time to two hours ( He is author and coauthor of 60 publications and 5 patents. His current research interests focus around catalysis and organic synthesis.
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Taking these optimized reaction conditions, transfer of other Grignard reagents was explored (Table 6 ). Whereas methyl-and isopropyl-Grignard could be added with good regio-and enantioselectivity (Table 6 , entries 1 and 3), reaction with phenyl Grignard marks a synthetic limitation of this method.
A rationale which may account for the observed stereochemistry is depicted in Scheme 3. Thus, a reactive conformation in which the s*-orbital of the leaving group is aligned such as to overlap efficiently with the alkene psystem is most reasonable. Minimization of A 1,3 strain and an internal delivery of the copper nucleophile through phosphane coordination in accord with previous observations 6, 7 installs the (S)-absolute configuration in the substitution products 16, 18 and 20.
To see whether double bond geometry of the allyl electrophile has an influence on reaction selectivity, we studied allylic substitution with the (Z)-o-DPPF ester (R p )-10 ( Table 7) . In all cases good regioselectivities were noted. However, enantioselectivity was significantly lower than for the corresponding (E)-o-DPPF ester (R p )-9 and the opposite enantiomer was formed.
In order to study substrate scope, allylic substitution with cinnamyl derivatives (S p )-11-13 was examined (Table 8) . In all cases, regioselectivities were lower compared to the cyclohexyl-substituted allylic systems. The same holds for enantioselectivity of these reactions. Neither a donor nor an acceptor substituent at the aromatic unit had a beneficial influence on selectivity parameters.
In a last set of experiments, we explored the potential of this methodology towards enantioselective construction of quarternary carbon centers. For this purpose, allylic In both cases, the S N 2¢ products were formed with excellent regioselectivities of >98:2. Again, double bond geometry had a decisive influence on the stereochemical course of these reactions. Thus, although in moderate enantioselectivity, opposite optical antipodes of 30 were formed starting either from geraniol-or the nerol-(S p )-o-DPPF ester 14, 15. 
r a c -9 In conclusion, we have shown that employing the orthodiphenylphosphanylferrocene carboxylate (o-DPPF) system as a planar chiral reagent-directing leaving group enables enantioselective copper-mediated allylic substitution with Grignard reagents. Careful optimization of reaction parameters allowed for, in some cases, excellent regioselectivities and enantioselectivies up to 95% ee.
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Reactions were performed in flame-dried glassware under argon (purity >99.998%). The solvents were dried by standard procedures, distilled, and stored under argon. PE refers to petroleum ether with boiling point range of 40-60 °C. Cy refers to cyclohexane. 1 H, 13 C NMR spectra: Varian Mercury 300 HFCP, Bruker AM 400, Bruker DRX 500, with tetramethylsilane (TMS), chloroform (CHCl 3 ) or benzene (C 6 H 6 ) as internal standards (p = pseudo). Table 3 . e (S p )-9 was used as the starting material. 
P NMR spec-
Preparation of o-DPPF Esters 9-15; General Procedure
To a suspension of o-DPPFA 10 at r.t. in CH 2 Cl 2 was added successively the allylic alcohol, DCC and DMAP. The reaction mixture was stirred at r.t. until TLC showed complete consumption of starting material. Filtration of the reaction mixture through CH 2 Cl 2 -wetted celite, evaporation of the solvent, and purification of the crude product through flash chromatography gave the corresponding esters 9-15 in analytically pure form. 
rac-[(E)
-
(R p )-[(E)-3-Cyclohexyl-2-propen-1-yl]-2-(diphenylphosphanyl)ferrocene Carboxylate [(R p )-9)]
From (R p )-1 10 (1.179 g, 2.85 mmol), (E)-3-cyclohexyl-2-propenol (2) 14 (0.502 
(S p )-[(E)-3-Cyclohexyl-2-propen-1-yl]-2-(diphenylphosphanyl)ferrocene Carboxylate [(S p )-9]
From (S p )-1 10 (0.378 g, 0.91 mmol), (E)-3-cyclohexyl-2-propenol (2) 14 ( 
rac-[(Z)-3-Cyclohexyl-2-propen-1-yl]-2-(diphenylphosphanyl)ferrocene Carboxylate (rac-10)
rac-[(E)-3-(p-Methoxyphenyl)-2-propen-1-yl]-2-(diphenylphosphanyl)ferrocene Carboxylate (rac-12)
From rac-1 (0.435 g, 1.05 mmol), (E)-p-methoxy-cinnamylalcohol (5) 16 ( 
rac-[(E)-3-(p-Bromophenyl)-2-propen-1-yl]-2-(diphenylphosphanyl)ferrocene Carboxylate (rac-13)
From rac-1 10 (1.227 g, 2.96 mmol), (E)-p-bromocinnamylalcohol (6) 17 ( (6) 17 (0.188 g, 0.88 mmol) , DCC (0.172 g, 0.83 mmol) and DMAP (0.084 g, 0.69 mmol) 3.61 (ddd, 1 H, J = 2.5, 1.5, 0.9 Hz, 4.14 (s, 5 H, C 5 H 5 ), 4.35 (dpt, 1 H, J = 2.6, 0.6 Hz, 4.48 (ddd, 1 H, J = 12.5, 7.1, 0.6 Hz, OCH 2 ), 4.64 (ddd, 1 H, J = 12.5, 7.1, 0.6 Hz, OCH 2 (14), 275 (11), 229 (19), 215 (13), 186 (25), 170 (28), 121 (12), 105 (13), 69 (17), 56 (18 Tables 2-8 ) was added the copper salt (0.5 equiv unless otherwise noted) and eventually the coligand. After 15 min, the Grignard reagent (1.0 to 1.4 equiv) was added in the specified time (a syringe pump was used for addition times above 5 min). After complete consumption of the starting ester (TLC control, normally directly after Grignard addition), the reaction was quenched with saturated NH 4 Cl solution (20 mL/mmol ester) and 12.5% NH 3 solution (10 mL/mmol). After stirring for 5 min, the phases were separated and the aqueous phase was extracted with Et 2 O (2 × 40 mL/mmol). The combined organic phases were washed with brine (40 mL/mmol), dried over Na 2 SO 4 , and the solvent was removed carefully. To the residue was added pentane and the suspension was filtered through a pad of silica gel with pentane and after removing of the solvent, the ratio of the S N 2¢ and S N 2 products was detected by analytical GC (CPSil5CB) of the crude residue. Column chromatography (silica gel, pentane) gave the substitution products, which were not separable by column chromatography. The enantiomeric excess was determined by GC (G-TA). 7, 26.8, 29.8, 30.3, 30.4, 43.0, 43.6 (CHCH 3 The analytical and spectroscopic data correspond to those reported previously. 23.0, 26.84, 26.86, 26.90, 29.8, 29.9, 31.3, 31.5, 41.9, 50.2 (CHBu), 114.7 (CH=CH 2 = 14.1, 22.6, 26.2, 26.3, 29.4, 29.7, 31.4, 32.7, 33.3, 34.2, 40.7, 127.8, 136 The analytical and spectroscopic data correspond to those reported previously. = 17.6, 9.3 Hz, CH=CH 2 ), 3 H, C 6 H 5 ), 2 H, C 6 H 5 ). 13 C NMR (100 MHz, CDCl 3 ): d = 25.4 (2 C), 25.6, 30.31, 30.36, 41.1, 56.6 (CHC 6 H 11 (25), 91 (16), 81 (30), 67 (11), 55 (44 The analytical and spectroscopic data correspond to those reported previously. The analytical and spectroscopic data correspond to those reported previously. 24 
3-Cyclohexyl-1-butene (16)
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